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Associations between plants and microorganisms are very com-
plex and are the subject of an increasing number of studies. Here,
we specifically address the relationship between poplar and its en-
dophytic bacteria. The role and importance of endophytic bacteria
in growth and development of their host plants is still underesti-
mated. However, since many endophytes have a beneficial effect
on their host, an improved understanding of the interaction be-

Address correspondence to D. van der Lelie, Brookhaven National
Laboratory (BNL), Biology Department, Building 463, Upton NY
11973-5000, USA. E-mail: vdlelied@bnl.gov

tween poplar and its endophytic bacteria has the potential to pro-
vide major breakthroughs that will improve the productivity of
poplar.

Endophytic bacteria can improve plant growth and develop-
ment in a direct or indirect way. Direct plant growth promoting
mechanisms may involve nitrogen fixation, production of plant
growth regulators such as auxins, cytokinins and gibberellins, and
suppression of stress ethylene synthesis by 1-aminocyclopropane-
1-carboxylate (ACC) deaminase activity. Endophytic bacteria can
indirectly benefit the plant by preventing the growth or activ-
ity of plant pathogens through competition for space and nutri-
ents, antibiosis, production of hydrolytic enzymes, inhibition of
pathogen-produced enzymes or toxins, and through systemic in-
duction of plant defense mechanisms.
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Examples of applications for custom endophyte-host partner-
ships include improved productivity and establishment of poplar
trees on marginal soils and the phytoremediation of contaminated
soils and groundwater. A systems biology approach to understand
the synergistic interactions between poplar and its beneficial endo-
phytic bacteria represents an important field of research, which is
facilitated by the recent sequencing of the genomes of poplar and
several of its endophytic bacteria.

Keywords poplar, endophytic bacteria, plant growth promoting bac-
teria, phytohormones, biomass production, phytoremedi-
ation, carbon sequestration

I. INTRODUCTION

The varied and complex associations between plants and
microorganisms have been the subject of considerable research
and diverse applications (Lodewyckx et al., 2002; Mastretta
et al., 2006). Endophytic bacteria can be defined as bacteria that
reside within living plant tissue without causing substantive
harm to their host. A diverse array of bacterial genera have
been reported to be endophytic [see (Mastretta et al., 2006) for
recent review]. A close relationship between endophytic and
rhizosphere bacteria exists, and many facultative endophytic
bacteria can also survive in the rhizosphere.

A general effect of plant-microbe interactions is an increase
of microbial biomass and activity in the rhizosphere as compared
to bulk soil (Merckx et al., 1986). Studies have revealed that
bacterial densities are highest in the rhizosphere and decrease
progressively from the roots to the stem and the leaves where
bacterial density is lowest (Lamb et al., 1996; QuadtHallmann
and Kloepper, 1996; Porteous Moore et al., 2006). Bacterial
entry into plants predominantly occurs via the roots, more pre-
cisely at sites of epidermal/exodermal damage, that naturally
arise due to development of lateral roots, through root hairs
or at epidermal conjunctions (Sprent and Defaria, 1988). Once
inside the plant, endophytic bacteria either colonize the plant
systematically by migration through the vascular system or the
apoplast, or remain localized in a specific plant tissue like the
root cortex or the xylem, (Hurek et al., 1994; James et al., 1994;
Mahaffee and Kloepper, 1997b, a; QuadtHallmann et al., 1997).
Established endophytic communities receive nutrients from the
host plant and in exchange can improve plant growth and health,
either directly or indirectly.

This review discusses the association between poplar and its
endophytic bacteria, the mode of colonisation and highlights
two examples of the beneficial effects that endophytes can have
on plant growth and development.

1.  ENDOPHYTIC BACTERIA ASSOCIATED WITH
POPLAR
Since poplar is an important tree species for the phytoremedi-
ation of contaminated groundwater, earlier work on endophytic
bacteria from poplar focused on the isolation and characteriza-

tion of cultivable endophytes that were able to complement the
metabolic properties of their host plant.

Van Aken et al. (Van Aken B., 2004a) isolated an endo-
phytic strain, Methylobacterium populi BJOO1, from poplar
(Populus deltoids x nigra DN34). M. populi BJOO1 is a fac-
ultative methylotrophic bacterium belonging to the alpha-
proteobacteria. Methanotrophs belong to a group of bacteria that
utilize methanol and methylamine as their sole source of carbon
and energy. Within this group, there is a great deal of diversity
in their carbon utilization efficiencies, in their nitrogen fixa-
tion abilities, and in their abilities to oxidize trichloroethylene
(TCE), a common groundwater contaminant. From a metabolic
point of view, M. populi BJOO1 is especially interesting as
this strain is able to mineralize different nitro-substituted ex-
plosives (trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-
triazine or Royal Demolition Explosive (RDX) and 1,3,5,7-
tetranitro-1,3,5,7-tetrazocane (HMX)) to CO, (Van Aken B.,
2004b), as well as methyl-t-butyl ether (MtBE) (van der Lelie
and Moreels, unpublished results). Since Methylobacterium rep-
resents a group of microorganisms commonly found as endo-
phytes in a variety of plant species, their involvement in phy-
toremediation of a broad spectrum of organic contaminants may
be of significant importance.

The diversity of endophytic bacteria found in association
with poplar was investigated as part of a larger study to assess
the possibility and practicality of using endophytic bacteria
to enhance in situ phytoremediation (Porteous Moore et al.,
2006; Barac et al., 2009). Endophytic bacteria were isolated
from the root, stem and leaf of two cultivars of poplar (Populus
trichocarpa x P. deltoides cv. “Hazendans” and “Hoogvorst”)
growing on a site where they were used to contain a groundwa-
ter plume contaminated with benzene, toluene, ethylbenzene
and xylene (BTEX) compounds. One hundred twenty-one
morphologically distinct cultivable isolates were obtained,
belonging to 21 genera, although 6 isolates could not be
identified with confidence to the genus level. Bacteria of the
gamma-proteobacteria dominated the collection of isolates,
comprising 59% of the total, including 42% Pseudomonas
spp., with smaller percentage numbers of Xanthomonas spp.,
Acinetobacter spp. and Enterobacter spp. representing the
majority of the remainder of the gamma-proteobacteria. The
beta-proteobacteria made up 18% of the isolate collection, with
Burkholderia spp. (10%) and Herbaspirillum spp. (4%) rep-
resenting the majority of the group. The alpha-proteobacteria
formed 10% of the total number of isolates and were largely
represented by Sphingomonas spp. (9%). Gram-positive bacte-
ria comprised 13% of the total number of isolates, represented
largely by Arthrobacter spp. (10%), Bacillus spp., Paenibacillus
spp., and Agreia spp. Interestingly, the endophytic bacteria
exhibited marked spatial compartmentalization within the plant
(Porteous Moore et al., 2006). A number of isolates showed
the ability to degrade BTEX compounds or to grow in the
presence of TCE, demonstrating that within the diverse bacterial
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communities found in poplar several endophytic strains are
present that have the potential to enhance phytoremedia-
tion strategies (Porteous Moore et al., 2006; Barac et al.,
2009). When the genome of P. trichocarpa was sequenced
[see http://genome.jgi-psf.org/Poptrl_1/Poptrl_1.home.html;
(Tuskan et al., 2006)], a variety of putative endophyte sequences
were also identified (S. DiFazio, pers. comm.). These included
some members of these same genera as well as Bradyrhizobium,
Sinorhizobium, Ralstonia and Rhodobacter.

The dominance of the gamma-proteobacteria among the en-
dophytes from poplar was repeatedly observed (Taghavi et al.,
2009). Among 78 endophytic bacteria isolated from surface
sterilized root and stem samples taken from hybrid poplar H11-
11 (Populus trichocarpa x P. deltoides) and native willow (Salix
gooddingii) that were grown in the presence of TCE for over five
years, the majority of the isolated strains (71%) belonged to the
gamma-proteobacteria with Serratia spp., Serratia plymuthica,
Serratia proteamaculans and Rahnella spp. being the most fre-
quently found. Other dominant gamma-proteobacteria included
Pseudomonas spp. and Enterobacter spp. The Actinobacteria
(15% of the population) were dominated by Rhodococcus spp.

The community structure of endophytic bacteria was shown
to be strongly affected by different hybrid poplar clones (Ulrich
et al., 2008a), pointing to species-specific associations between
endophytes and their poplar host. Detailed analysis of endo-
phytic bacteria from different hybrid poplar clones revealed a
high phylogenetic diversity of endophytic bacteria with a to-
tal of 53 taxa at the genus level that included proteobacteria,
Actinobacteria, Firmicutes and Bacteroidetes. Interestingly, the
community structure displayed clear differences in terms of
the presence and relative proportions of bacterial taxa between
the four poplar clones studied, and corresponded well with the
genetic background of the hybrid poplar clones (Ulrich et al.,
2008a). Cultivation conditions also influence the composition of
the endophytic community. After 5 years of micro-propagation,
the endophytic communities associated with poplar, larch and
spruce were dominated by bacteria that could be assigned to
the genus Paenibacillus (Ulrich et al., 2008b). Other endo-
phytic bacteria such as Methylobacterium, Stenotrophomonas
or Bacillus were also found but only in some tissue cultures.
(Ulrich et al., 2008b).

Poplar roots often extend beyond soil into groundwater and
have access to bacteria typical of oligotrophic water habitats
(including the ubiquitous proteobacteria), which may be eco-
logically distinct from those found in higher nutrient soils. Data
reported from filtered and chlorine treated drinking water distri-
bution systems (oligotrophic water) have documented the pres-
ence of a diverse bacterial community in biofilms and in bulk
water (LeChevallier et al., 1996; Lerat et al., 2003; Lehtola
et al., 2004; Lerat et al., 2005). Whether or not bacteria in olig-
otrophic groundwater (including proteobacteria) will be able to
form associations with poplar remains to be confirmed. Overall,
the fact that many endophytes that were found in poplar grow-
ing in contaminated environments (e.g. BTEX, MtBE, TCE)

are members of taxa that make up the second largest group
of bacteria, i.e., the gram negative gamma-protobacteria, indi-
cates that there is very good potential for the development of
improved phytoremediation strategies based on plant-microbe
interactions.

Ill. COLONIZATION BY ENDOPHYTIC BACTERIA

A close relationship exists between endophytic and rhizo-
sphere bacteria and many endophytic bacteria can enter their
host plant via the roots. This concept was successfully applied
to inoculate poplar cuttings with endophytic bacteria (Germaine
et al., 2004; Taghavi et al., 2005; Taghavi et al., 2009; Weyens
et al., 2009). Root colonization by rhizosphere bacteria can be
considered to involve several stages (Brimecombe et al., 2007),
and a similar process is expected to happen with endophytic
bacteria. In the initial stage bacteria move to the plant roots, ei-
ther passive via soil water fluxes or active via specific induction
of flagellar activity by plant-released compounds (chemotaxis).
In a second step, nonspecific adsorption of bacteria to the roots
takes place, which is followed by anchoring (third step), result-
ing in the firm attachment of bacteria to the root surface. Spe-
cific or complex interactions between the bacterium and the host
plant, including the secretion of root exudates, may arise that
can result in the induction of bacterial gene expression (fourth
step). Endophytic bacteria can subsequently (fifth step) enter
their host plant at sites of tissue damage, which naturally arise
as the result of plant growth (lateral root formation), or through
root hairs and at epidermal conjunctions (Sprent and Defaria,
1988). In addition, plant exudates leaking through these wounds
provide a nutrients source for the colonizing bacteria and hence
create favorable conditions. This root colonization strategy was
confirmed by several microscopic studies (Wiehe et al., 1994;
Benhamou et al., 1996a, b; Pan et al., 1997), including poplar
(Germaine et al., 2004). Alternatively, endophytic bacteria can
use vector organisms (e.g. arbuscular mycorrhizae and insects)
to gain entrance to the apoplastic spaces to colonize the host
plant (Ashbolt and Inkerman, 1990; Kluepfel, 1993; Franke
et al., 2000). Although likely to occur for many plant species,
the involvement of specific vector organisms for endophytic
colonization has not been demonstrated to play a role in poplar.
In some plant species, the importance of seed endophytes as
a vector for beneficial bacteria has been demonstrated (Cankar
et al., 2005; Mastretta et al., 2009), including tobacco where
seed endophytes had a beneficial effect on metal toxicity and
translocation (Mastretta et al., 2009). Since poplar is multiplied
by cutting, this way of transferring endophytes is not relevant
for the practical application of this species.

Although the colonization of plants by endophytes has al-
ready been established, the colonization patterns and relative
density of a particular endophyte is not well understood in
poplar (Germaine et al., 2004; Taghavi et al., 2005; Taghavi
et al., 2009; Weyens et al., 2009). To study the colonization
patterns and population sizes of bacterial endophytes in poplar,
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FIG. 1. Colonization of the surface of a poplar root by gfp-labeled deriva-
tive of the endophyte P. putida W619. The picture was taken by fluorescence
microscopy.

endophytic bacteria were isolated from xylem sap of poplar
(Populus trichocarpa x P. deltoides cv. Hoogvorst) (Germaine
et al., 2004). After their identification, three Pseudomonas spp.
were gfp-labeled and re-introduced into their host plant. Two of
the endophytes showed considerable colonization of the poplar
roots and stems, and gfp expressing cells of all three strains
were observed to colonize the xylem tissue of the root. All
three strains also proved to be efficient rhizosphere coloniz-
ers, supporting the theory that the rhizosphere can serve as a
source of bacterial endophytes (Germaine et al., 2004). How-
ever, gfp expression might have negative effects on endophytic
colonization and growth and development of poplar. Inoculation
of poplar cuttings [Populus deltoides x (P. trichocarpa x P. del-
toides) cv. Grimminge] with the endophytic strain Pseudomonas
putida W619 (Taghavi et al., 2005; Taghavi ef al., 2009) (wild-
type or gfp-labeled) showed that the gfp-labelled strains only
colonized the rhizosphere and root cortex (Fig. 1) while the
wild-type strain also colonized the xylem vessels of the root
(Weyens et al., 2009). Analysis of morphological, physiologi-
cal and biochemical parameters of the inoculated poplar cuttings
showed that inoculation with the gfp-labelled W619 strains had
a negative effect on plant fitness, shown by a negative effect
on plant growth, increased superoxide dismutase activity in the
roots, and a significant decrease in stomatal conductance. Since
in both strains the gfp-transposon did not insert in areas coding
for genes that could be presumed to be involved in colonization
or phytohormone balance, the observed differences after inoc-
ulation between the wild-type and gfp-labelled strains might be
related to gfp expression, probably causing a ‘stress effect’ on
the plant cells, more specifically on root cells, leading to an
inhibition of root development and a generally decreased plant
fitness (Weyens et al., 2009).

Analysis of the genome of Enterobacter sp. 638, a plant
growth promoting endophyte from poplar (Taghavi et al., 2009)

whose genome was sequenced by the Joint Genome Institute
(http://genome.jgi-psf.org/ent_6/ent_6.home.html), further sup-
ports a multi step root colonization and entry process. This
analysis revealed the presence of several gene clusters important
for cell mobility including four flagellar biosynthesis operons
(FIgNMABCDEFGHIJKL, flhiEAB fimA yralJ IpfD cheZYBR
tap tar csuEDCAB int cheWA motBA fIhCD, fliYZA fliCDSTE-
FGHJKLMNOPQR and fliEFHIJKLMNOPQR), which are very
similar to those found in Salmonella enterica subsp. Enterica
typhi and E. coli K12 (Chilcott and Hughes, 2000), except that
the flh operon of Enterobacter sp. 638 contains two insertions
of pili biosynthesis genes. In addition, the Enterobacter sp. 638
genome contains a number of genes associated with agglutina-
tion and cell adhesion, similar to those found in both animal and
plant pathogens. Many of these genes are not present in E. coli
K12, and are hypothesized to be important for plant coloniza-
tion (Monchy and van der Lelie, unpublished results). The genes
include filamentous haemagglutinin (which is implicated in cell
aggregation as a surface-exposed and secreted protein, and acts
as a major virulence attachment factor) (Relman et al., 1989;
Cotter et al., 1998), autotransporters with a pertactin or hemag-
glutinin domain (which are adhesins that are exported via the
autotransporter protein mechanism; (Henderson et al., 1998),
and virulence factors (such as those encoded by the srfABC
operon (Worley et al., 2000) located on both the chromosome
and plasmid pENT638-1).

The 157.7 kb plasmid pENT638-1 of Enterobacter sp. 638 is
related to F-plasmids found in other Enterobacteriaceae. Plas-
mids of this family are involved in host interaction and vir-
ulence, such as the pFra plasmid of Yersinia pestis (Golubov
et al., 2004). In pENT638-1 the pFra pathogenicity island has
been replaced by a 23kb putative genomic island (flanked by
an integrase gene, and having a GC% significantly different
that the rest of the plasmid), which contains a group of ORFs
with strong homology to hypothetical proteins of Azotobacter
vinelandii AvOP, as well as a putative srfABC operon, which
is also present in a horizontally acquired region of Salmonella
spp. and is believed to be involved in virulence (Worley et al.,
2000). Adjacent to this region, a putative ndvB (8532 bp) gene is
located. NdvB, which in involved in the production of beta-(1-
>2)—glucan, is required by Sinorhizobium meliloti for bacterial
invasion of nodules (Dylan et al., 1986). Many other genes in-
volved in plant invasion were present on pENT638-1, coding
for proteins with an autotransporter domain (secretion type V)
of virulence domains (agglutinin, pertactin or adhesin). Quan-
titative PCR showed a 4.5 fold induction of the nvdB gene
after 2 hours incubation of Enterobacter sp. 638 in the presence
of poplar roots (Monchy and van der Lelie, unpublished re-
sults). Other induced functions included an autotransporter pro-
tein with a pertactin domain (Ent4206; 4.5-fold induction) and
an autotransporter with a hema-agglutinin domain (Ent4267;
4.5-fold induction), both presumably involved in cell adhesion
and root colonization.
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IV. PLANT GROWTH PROMOTING MECHANISMS

Endophytic bacteria have several direct and indirect mecha-
nisms by which they can promote plant growth and health. Un-
derstanding these mechanisms will enhance the value of poplar
and other plants as feedstocks for biofuel production, particu-
larly on marginal soils where biofuel crops will not displace
food production from arable land.

Direct plant growth promoting mechanisms from endophytic
bacteria may involve nitrogen fixation (James, 2000; Doty,
2008), the production of plant growth regulators such as auxins,
cytokinins and gibberellins (Bent, 2001; de Salamone et al.,
2001; Asghar et al., 2004), suppression of the production of
stress ethylene by 1-aminocyclopropane-1-carboxylate (ACC)
deaminase activity (Belimov, 2005; Dell’ Amico et al., 2005)
and alteration of sugar sensing mechanisms in plants (Goddijn
and Smeekens, 1998). Trehalose, a nonreducing disaccharide,
is the principal storage carbohydrate of bacteria, yet it can be
produced in plants though to a much lesser extent than sucrose
(Paul et al 2008). Even so, this sugar is thought to play a
pivotal role in plants controlling their partitioning of carbon
(Ramon and Rolland, 2007) especially into cell wall biomass
(Gomez et al., 2006). Furthermore, activity levels of trehalase,
the principal enzyme responsible for degrading this sugar, were
shown to be strongly induced by infection with the trehalose-
producing pathogen Plasmodiophora brassicase (Brodmann
et al., 2002). Alteration of biosynthesis and/or metabolism
of trehalose in planta has been shown to increase tolerance
to drought, salt, and cold (Garg et al., 2002). It is therefore
noteworthy that several endophytic bacteria from poplar
were able to efficiently metabolize trehalose (Taghavi ef al.,
2009).

Plant-associated bacteria can also indirectly benefit plant
growth by preventing the growth or activity of plant pathogens
through competition for space and nutrients (Buyer and Leong,
1986; Buyer et al., 1986; O’Sullivan and O’Gara, 1992), an-
tibiosis (Dowling and O’Gara, 1994; Ramos-Gonzalez et al.,
2005), production of hydrolytic enzymes (Krechel et al., 2002),
inhibition of pathogen-produced enzymes or toxins (Bertagnolli
et al., 1996) and through induction of plant defense mechanisms
(van Loon et al., 1998; Spencer et al., 2003; Jeun et al., 2004;
Kloepper et al., 2004; Ryu et al., 2004; Zhang et al., 2004).
Recently, a Rhizobium tropici strain that lives within the stems
of poplar has been discovered (Doty et al., 2005). This dia-
zotrophic (nitrogen-fixing) species is known for its ability to
nodulate an exceptionally wide range of legumes; however, its
endophytic nature in non-legume species has not been described
previously (Doty et al., 2005), and its role in providing nitrogen
to poplar is unclear.

Short-term beneficial effects of plant growth promoting mi-
croorganisms, observed during the first weeks or months, will
specifically impact plant growth and establishment. These ef-
fects include accelerated root development resulting in better
access to nutrients and water, and consequently a faster ini-
tial growth, which will allow the plants to out compete weeds

for available resources. This will allow for the improvement
of the establishment of poplar on marginal soils, and reduce
the need for synthetic fertilizers, intensive irrigation or appli-
cation of high doses of herbicides. Long-term beneficial ef-
fects of plant growth promoting microorganisms, which can
be observed over several growth seasons, may result in im-
proved plant growth, health and survival, leading to econom-
ically sustainable feedstock production. This may be obtained
by counteracting stress responses caused by drought and con-
tamination, protection against pathogens via competition for
available resources, and by assisting the plant’s defense re-
sponse against pathogenic invasions. So far, most studies have
addressed the short-term beneficial effects of endophytic bac-
teria on the growth and development of poplar. These studies
have ranged from days to several weeks. For instance, poplar
cuttings (Populus deltoides x P. nigra DN-34) that were al-
lowed to root in the presence of endophytic bacteria, such
as Serratia proteamaculans 568, Enterobacter sp. 638 and P.
putida W619 showed significantly improved root and shoot
formation when grown in hydroponics (Taghavi et al., 2009).
In contrast, root formation was very slow for non-inoculated
plants.

From the poplar derived endophytic bacteria tested for their
short-term plant growth promoting properties, Enterobacter sp.
638 had the most pronounced beneficial effect on the develop-
ment and growth of poplar cuttings when planted in marginal
soil (Fig. 2). This result was repeatable with P. deltoides x P.
nigra DN-34, as well as with the hybrid poplar clone OP367
(Populus deltoides x P. nigra) (significance level: p < 0.05; L.
Newman, unpublished results). After 10 weeks of growth, poplar
inoculated with M. populi BJOO1 had less new biomass than the
controls (p value < 0.05). On the other hand, while no significant
plant growth promoting effect was observed for P. putida W619
with P. deltoides x P. nigra DN-34, strain W619 significantly
(significance level: p < 0.01) promoted the growth of another
hybrid poplar (Populus deltoides x (trichocarpa x deltoides) cv.
Grimminge) (Weyens et al., 2009). Also, the promiscuous plant
growth promoting effect of B. cepacia Bu72 on poplar DN-34
(Taghavi et al., 2005; Taghavi et al., 2009) and yellow lupine
(Barac et al., 2004) is noticeable. Therefore, before applying
plant growth promoting endophytic bacteria to other poplar cul-
tivars to promote their short-term growth and establishment,
preliminary studies to confirm the plant growth promoting syn-
ergy of the selected endophytes and selected poplar clones is
required. This is also consistent with the observed differences in
endophytic community structure between hybrid poplar clones
(Ulrich et al., 2008a).

Recently, studies using the short-lived radioisotope ' C to im-
age whole-plant allocation of radiolabeled photosynthate (Ferri-
eri et al., 2005; Ferrieri et al., 2006; Thorpe et al., 2007) revealed
new insights into the short term responses of the hybrid poplar
clone OP367 (Populus deltoides x P. nigra) to colonization by
different soil and endophytic bacteria (Barac and Ferrieri, un-
published). Specifically, plants responded with elevated rates of
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FIG. 2. Effect of plant growth promoting endophytic bacteria on the growth of poplar on marginal soils. Selected cultivable endophytic y -proteobacteria, found
in poplar, are tested for their capacity to improve growth of their host plant. Representative plants are shown that were inoculated with M. populi BJOO1 (plant 1), S.
maltophilia R551-3 (plant 4), P. putida W619 (plant 5), S. proteamaculans 568 (plant 6), Enterobacter sp. R558-1 and Enterobacter sp. 638 (plant 8). Burkholderia
cepacia BU72, an endophyte originally isolated from yellow lupine which was found to have plant growth promoting effects on poplar (Taghavi et al., 2005),
and Cupriavidus metallidurans CH34 (also referred to as Ralstonia metallidurans CH34) (Monchy, 2006) a typical soil bacterium with no known plant growth
promoting effect, were included as positive and neutral controls (plant 9 and 2, respectively). Also, non-inoculated cuttings (plant 3) were used as controls. Plants

were grown for 10 weeks on a marginal sandy soil under greenhouse conditions.

leaf export of ''C-photosynthate 3 days after inoculation using
B. cepacia (BUG61) a soil bacteria, and Burkholderia cepacia
(VM1468) and Pseudomonas putida (W619), both endophytic
bacteria. Furthermore, BU61 and VM 1468 showed evidence of
increased apical partitioning of plant carbon relative to control
plants (significance level: p < 0.05).

In addition to the sequencing previously described for
Enterobacter 638, several endophytic bacteria, representing
the dominant genera of endophytic gamma-proteobacteria
found in poplar, were selected for genome sequencing and
analysis of their plant growth promoting effects, including
root development (Taghavi et al., 2009). Genome sequenc-
ing was carried out at the Joint Genome Institute (DOE,
Walnut Creek, CA) on P. putida W619 (genome available
at http://genome.jgi-psf.org/psepw/psepw.home.html), Serratia
proteamaculans 568 (genome available at http://genome.jgi-
psf.org/serpr/serpr.home.html) and Stenotrophomonas mal-
tophilia R551-3 (genome available at http://genome.jgi-
psf.org/stema/stema.home.html).

The growth promoting effect of Enterobacter sp. 638 on
poplar might be explained by the presence of the putative alsDS
pathway for acetoin synthesis, a potent plant growth promoting
compound (Ryu et al., 2003; Ping and Boland, 2004). As with
the rhizosphere bacterium Bacillus amyloliquefaciens FZB42
(Chen et al., 2007) it was unclear which function catalyzes the
conversion of acetoin into 2,3-butanediol, a compound that can
induce systemic tolerance to drought in Arabidopsis thaliana
(Cho et al., 2008) and systemic resistance against Erwinia caro-
tovora but not against Pseudomonas syringae pv. tabaci in to-
bacco (Han e al., 2006). Enterobacter sp. 638 also possesses a
putative acetoin reductase for synthesis of diacetyl, which role
in plant growth promotion is unknown. None of the other traits
typically linked to plant growth regulation were identified in
Enterobacter sp. 638: the strain produces low levels of indole

acetic acid (IAA), is unable to fix nitrogen, and lacks the path-
ways to metabolize ACC, gamma-amino-butyric acid (GABA)
and phenyl acetic acid (PAA), two compounds involved in reg-
ulating plant responses to stress.

S. proteamaculans 568 is interesting as it is, in contrast to
Enterobacter sp. 638, able to metabolize GABA and PAA. This
strain has the genetic pathway to produce 2-acetoin, but lacks
the acetoin reductase for the bidirectional conversion of acetoin
and diacetyl. Furthermore, it lacks the putative plant invasion
functions found on plasmid pENT628-1.

P. putida W619 seems to be well adapted to influence the
phytohormone balances of its host: the strain appears to produce
high levels of IAA and is able to metabolize PAA and GABA.
Elevated levels of GABA and PAA, a non-indolic auxin that can
account for up to one-half of the total bio-assayable auxin activ-
ity in plant extracts (Wightman, 1975), can inhibit plant growth.
The complexity of the phytohormone balance points towards
the existence of a complex mechanism that fine-tunes the inter-
action between P. putida W619 and other endophytes and their
poplar host. For instance, the negative effects on poplar devel-
opment observed after inoculation with M. populi BJOO1 might
reflect a disturbance of this balance, e.g., caused by unnaturally
high numbers of this bacterium during inoculation.

No data are available on the long term effects of inocula-
tion of poplar with beneficial endophytic bacteria. However,
analysis of the S. proteamaculans 568, Enterobacter sp. 638,
S. maltophilia R551-3 and P. putida W619 genomes revealed
the presence of several putative functions via which these en-
dophytes could have a lasting beneficial effect on poplar. For
instance, all four strains are capable of producing one or sev-
eral siderophores that can be used to compete with pathogenic
microorganisms for available ferrous iron [Fe(IIT)] (Table 1). In
addition, the strains are capable of taking up and metabolizing
a large spectrum of heterologously produced siderophores, thus
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increasing their competitiveness for ferrous iron, which is often
a major microbial growth limiting factor. For example, S. mal-
tophilia R551-3 encodes several transporter proteins involved in
iron uptake, including siderophore receptors for ferric-alcaligin
and ferrichrome. Ferrichrome has been found to be produced
by fungi of the several genera including phytopathogenic fungi
of the genus Ustilago (Ardon et al., 1997). Fungal growth in-
hibiting bacteria, such as P. putida, are often able to utilize
heterologously produced ferrichrome (Jurkevitch ez al., 1992).
It is therefore also expected that S. maltophilia R551-3 may
control the growth of fungal pathogens and other pathogenic
microorganisms via competition for iron.

Mannitol, an effective scavenger of reactive oxygen, is pro-
duced by species of pathogenic fungi as a way to counteract the
plant defense that involves the production of reactive oxygen
species (Jennings et al., 1998). Mannitol dehydrogenase expres-
sion can enhance plant resistance to mannitol-secreting fungal
pathogens (Jennings ef al., 2002). Mannitol can not be metabo-
lized by poplar, but several poplar endophytes, including S. pro-
teamaculans 568, Enterobacter sp. 638, S. maltophilia R551-3
and P. putida W619 can grow on mannitol as sole carbon source
(Taghavi et al., 2009). Therefore these endophytes can possibly
assist their poplar host in its defense against mannitol-secreting
pathogenic fungi by metabolizing mannitol (Monchy and van
der Lelie, unpublished). Bacterial chitinases are very effective to
hinder the growth and development of pathogenic fungi. S. mal-
tophilia R551-3 and P. putida W619 are able to efficiently de-
grade and grow on chitine and might protect poplar against fun-
gal infections, thus providing an indirect benefit for the growth
of poplar. Finally, antibiotic production and resistance repre-
sents another antagonistic mechanism present in S. maltophilia
R551-3. This strain produces the antifungal macrocyclic lactam
antibiotic maltophilin (B-lactamase L1) that efficiently inhibit
the growth of various saprophytic, zoo-pathogenic and phyto-
pathogenic fungi (Jakobi et al., 1996). Overall, bacteria from
the genus Stenotrophomonas (Messiha et al., 2007) and Pseu-
domonas (Barka et al., 2002) are known to be excellent antag-
onists with the potential to interfere with pathogen infection,
growth, and survival. The beneficial properties of S. maltophilia
R551-3 were recently reviewed and compared to that of the op-
portunistic pathogen S. maltophilia K279a (Ryan et al., 2009).

V. ENDOPHYTE-ASSISTED PHYTOREMEDIATION
Poplar has been very successfully used for the remediation
of groundwater contaminants such as TCE, MTBE and BTEX
compounds. Early work by several groups (Muralidharan et al.,
1995; Schnoor et al., 1995; Newman et al.,, 1997; Doucete
et al., 1998; Gordon et al., 1998; Newman et al., 1999; Di-
etz and Schnoor, 2001; Rubin and Ramaswami, 2001) showed
that plants were able to take up and degrade water soluble com-
pounds into nontoxic or less-toxic metabolites. This included
several varieties of poplar, willow, eucalyptus, sycamore, sweet
gum, pine and other deep-rooted plants, all of which showed

degradation abilities. Analysis of the cultivable microbial com-
munities associated with poplar growing on a BTEX contam-
inated ground water plume demonstrated that, once the poplar
roots got in contact with the BTEX contaminated groundwa-
ter, enrichment occurred of both rhizosphere and endophytic
bacteria that were able to degrade toluene (Barac et al., 2009).
Interestingly, once the BTEX plume was remediated, the num-
bers of cultivable toluene degrading rhizosphere and endophytic
bacteria decreased below the detection limit, indicating that their
population resulted from selective enrichment by the presence
of the contaminants. However, depending on the concentration
of the parent compound in the aquifer, the percent that is de-
graded by the plant and/or associated endophytes versus the
percent that is volatilized by the plant (Vroblesky er al., 1999;
Ma and Burken, 2002; Arnold et al., 2007) might impact the ac-
ceptability of phytoremediation in areas that have a no-emission
policy for remediation technologies.

The fate of contaminants in the rhizosphere-root system
largely depends on its physicochemical properties. Organic
xenobiotics with a log K,y (octanol-water partition coefficient)
<1 are considered to be very water-soluble, and plant roots do
not generally accumulate them at a rate surpassing passive in-
flux into the transpiration stream (Cunningham and Berti, 1993;
Cunningham et al., 1995). Contaminants with a log K, >3.5
show high sorption to the roots, but slow or no translocation
to the stems and leaves (Trapp et al., 2001). However, plants
readily take up organic xenobiotics with a log K, between
0.5-3.5, as well as weak electrolytes (weak acids and bases).
These compounds seem to enter the xylem faster than the soil
and rhizosphere microflora can degrade them, even if the latter
is enriched with degrader bacteria (Trapp et al., 2000). Once
taken up, plants and/or endophytic bacteria metabolize contam-
inants, such as TCE, to predicted oxidative metabolites such
as trichloroacetic acid (TCAA) (Newman et al., 1997; Doucete
et al., 1998). The levels of TCAA in plants are not toxic to the
plant or animals that feed on the plants. Alternatively, plants
release volatile compounds into the environment by evapora-
tion via the leaves or trunk (Burken and Schnoor, 1996; van der
Lelie et al., 2001; Schroder et al., 2002; Ma and Burken, 2003;
Burken et al., 2005).

Acceptance of phytoremediation of volatile and water sol-
uble organic xenobiotics may be improved by using recombi-
nant endophytic bacteria modified to contain the appropriate
degradation pathway (Barac et al., 2004). Endophytic bacte-
ria equipped with a toluene degradation pathway were able to
reduce toluene phytotoxicity and evapotranspiration from their
yellow lupine host plant. Although the application of engineered
endophytic bacteria to improve phytoremediation of volatile or-
ganic contaminants has several obvious advantages over the
application of engineered rhizosphere bacteria or the genetic
engineering of the plant’s metabolism, several obstacles need to
be overcome before this technology can move towards applica-
tion (Newman and Reynolds, 2005). One major point of concern
is the persistence and the stability of the engineered organisms
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and their degradation capabilities in field grown plants, as phy-
toremediation projects can conceivably last decades. As long as
a selection pressure is present, there will be an advantage for
those endophytic community members possessing the appropri-
ate degradation characteristics (Barac et al., 2009), but there is
no guarantee that the inoculum will become an integrated part
of the endogenous endophytic community.

Many pathways for the degradation of organic contaminants
are located on mobile, elements, including plasmids and trans-
posable elements. Therefore, it was hypothesized that horizontal
gene transfer of these mobile elements plays an important role in
adapting the endogenous endophytic community (van der Lelie
et al., 2005): rather than integrating a new bacterium in a stable
community, the degradation pathway is transferred among the
members of the community. This was first demonstrated by in-
oculating Populus trichocarpa x deltoides cv. “Hoogvorst” with
the endophytic strain Burkholderia cepacia VM1468, which
has yellow lupine as its natural host, and with B. cepacia BU61,
a soil isolate (Taghavi et al., 2005). Subsequent analysis of
the endophytic community showed that neither VM 1468 nor
BUG61 had succeeded in becoming successfully established at
detectable numbers in this community. However, in both the
presence and absence of toluene members of the endogenous
endophytic community had via horizontal gene transfer of the
pTOM-Bu61 plasmid successfully acquired the tom operon.

Despite the fact that both B. cepacia strains BU61 and
VM1468 were able to transfer the pTOM-Bu61 plasmid to the
endogenous microbial populations associated with poplar, major
differences were observed (Taghavi et al., 2005). Plants inoc-
ulated with the endophyte VM 1468 suffered less from toluene
toxicity and released less toluene into the environment, indicat-
ing that their microbial communities were better adapted to de-
grade toluene than plants inoculated with the soil isolate BU61.
This observation was explained by the endophytic characteris-
tics of strain VM 1468: it was hypothesized that strain VM 1468
could enter poplar where it was able to directly transfer pTOM-
Bu61 to the endogenous endophytic community, despite the
fact that the strain was unable to eventually establish itself. On
the other hand, strain BU61 was unable to enter poplar as an
endophyte. Therefore, BU61 could only act as a donor to trans-
fer pTOM-Bu61 to bacteria present in the poplar rhizosphere.
Since some rhizosphere bacteria can also colonize poplar as en-
dophytes, the transfer of the fom operon on pTOM-Bu61 into the
endophytic community with BU61 as donor strain will depend
on the efficiency of subsequent endophytic colonization by the
transconjugants, and will take more time than its direct transfer
from an endophytic donor strain.

The observation of horizontal gene transfer of metabolic
pathways, especially when they are encoded on mobile ele-
ments, opens the possibility to directly adapt the plant’s en-
dogenous endophytic population without the need of first se-
lecting the appropriate endophytic microorganisms from the
plant species of interest, and has several obvious advantages
over the approach where an endophytic strain is optimized in

a laboratory setup before being introduced into its host plant
(Barac et al., 2004): there is no need to isolate plant-specific en-
dophytic bacteria, there is no need for genetic manipulation of
isolated plant-specific endophytes, and there is no need to estab-
lish the endophytic inoculum in the plant’s endogenous endo-
phytic community as the genetic information will be transferred
to many members of the endogenous endophytic population.

VI. CONCLUSIONS

The plant-endophyte association consists of very close inter-
actions where plants provide nutrients and residency for bac-
teria, which in exchange can improve plant growth and health,
either directly or indirectly. Several endophytic bacteria from
poplar were shown to directly promote the growth and de-
velopment of their host plant. However, other than increased
above-ground biomass production, no information is presently
available on how the presence of the endophytes affects C par-
titioning or metabolism. The idea that endophytic bacteria can
affect the carbon partitioning in poplar deserves further atten-
tion, as it would open the possibility to improve the use of poplar
for below-ground C sequestration. At the same time, the above-
ground biomass could be harvested as a feedstock for biofuel
production.

In order to minimize competition between food production
and the production of biomass for biofuels, the cultivation of
marginal soils for the sustainable production of poplar and other
biofuel crops might provide an option. Marginal soils are often
characterized by relatively low levels of nutrients and organic
material, resulting in low water holding capacity. In addition,
depending on the historical use of the sites, heavy metals or
organic contaminants might be present. Plants grown on such
marginal soils will most likely be stressed by a lack of nutrients
and water, resulting in weakened plants that are more suscep-
tible to diseases caused by pathogenic microorganisms. Poplar
cuttings that were inoculated by selected plant growth promot-
ing endophytic bacteria showed several characteristics that seem
very promising to improve their establishment on marginal soils,
including an increase of root formation that allows the plants
to better access nutrients and water, and overall an increased
growth and above-ground biomass production in comparison
to non-inoculated poplar cuttings. In addition, we observed at
several occasions that poplar plants that were inoculated with se-
lected endophytic bacteria showed systemic drought resistance
compared to non-inoculated control plants (Taghavi and van der
Lelie, unpublished). The analysis of the genomes of four endo-
phytic bacteria further revealed the presence of several mecha-
nisms that might induce systemic resistance of their poplar host
against drought stress and pathogens, as well as mechanisms that
allow the endophytic bacteria to compete with pathogenic mi-
croorganisms. Understanding these mechanisms, which include
antibiosis, competition for iron and the production of lytic en-
zymes such as chitinases, should result in improved biomass
production by poplar trees.
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In addition to their beneficial effects on plant growth, endo-
phytic bacteria can contribute to an improved phytoremediation
of organic contaminants by complementing or enhancing the
metabolic properties of their host plant. While the improved
phytodegradation of compounds such as BTEX and TCE by
poplar and its endophytic bacteria has been well documented,
other groundwater contaminants are not. One of these is methyl-
t-butyl ether (MtBE), a major additive of gasoline. MtBE is
extremely water-soluble and does not adhere well to soil, thus
plumes of undetermined origin and several miles in length are
not uncommon. Also, MtBE has been found in groundwater in
states that do not use MtBE, perhaps the result of volatiliza-
tion and deposition during rain events. Poplar readily takes up
MtBE, but limited degradation has been observed. Instead, the
majority of the compound is transpired unaltered, thus poten-
tially increasing this spread of MtBE contamination. Appli-
cation of endophytic bacteria, such as M. populi BJOO1 that
efficiently metabolizes MtBE, opens a promising route for the
improved phytoremediation and improved containment of this
contaminant.

Many endophytic bacteria are closely related to environmen-
tal and clinical isolates whose genomes have been or are in the
process of being sequenced. Future genome annotation and com-
parative genomics of endophytic bacteria and phylogenetically
closely related, non-endophytic microorganisms should result in
the identification of the subset of genes necessary for a success-
ful endophytic colonization of poplar. Understanding the inter-
actions between endophytic bacteria and their host plant, facili-
tated by the published genome sequence of Populus trichocarpa
(Tuskan et al., 2006), should ultimately result in the design of
strategies for improved poplar biomass production as a feed-
stock for biofuels, carbon sequestration, and bioremediation.
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